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Abstract 
As aerospace vehicles travel in a hellish environment, the reliability of the measuring and controlling systems has played a 
critical role in the credibility of a whole airborne system. Embryo-electronic system is a bionic hardware capable of self-diag- 
nosing and self-healing. This article presents a new approach to design embryo-electronic systems and introduces their bionic 
principles, system structures and fault-tolerant mechanism. As the current methods cannot meet the requirements for large-scale 
embryo-electronic systems, this article advances a new shift-register-based configuration memory of embryonic system to solve 
the problem by using the inter-cell communication to reduce the gene storage capacity of a single cell. The article designs an 
overall structure of the shift-register-based configuration memories of the embryonic system and connects them into a chain 
structure. The article also designs an inner circuit of the cell, the control of shift-register-based configuration memory and the 
way of runtime dynamic configuration. The simulation of field programmable gate array (FPGA) evidences the realizability of 
the proposed design. Compared to the SRAM-based one, this memory can save 90% of the area when constructing embryonic 
systems larger than 128×128 under the same condition.  
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1. Introduction1 
As the aerospace vehicles travel in a hellish envi-
ronment characteristic of strong radiation, exposure to 
electromagnetic weapons, extreme temperatures and 
others, the reliability of the measuring and controlling 
system is of critical importance in the credibility of the 
whole airborne system. This highlights the utmost im-
portance of the real-time fault diagnosis and intelligent 
fault-tolerant hardware systems in order to improve the 
reliability of an aircraft. On the NASA/ESA confer-
ence on adaptive hardware and systems, embryo-elec- 
tronic systems were considered as having the most 
promising future to improve the reliability of a space-
craft. For instance, the researchers from Surry Univer-
sity applied the embryo-electronic technology to the 
design of the electronic circuits for the micro-satel- 
lite[1]. The function of multi-cellular organism is ful-
filled by the division and differentiation of a single cell, 
                                                 
*Corresponding author. Tel.: +86-25-84892284. 
E-mail address: guilixu@nuaa.edu.cn 
Foundation item: National Natural Science Foundation of China 
(90505013) 
 
1000-9361      © 2009 Elsevier Ltd. 
doi: 10.1016/S1000-9361(08)60152-1 
which has a complete description of the organism’s 
genome—DNA. The location of the single cell in em-
bryos determines extracting the different parts of DNA 
from the gene to translate and attend its particular 
function, thereby establishing a whole organism. When 
the organism finds out that a cell has failed, a new di-
vision of the cell should be adopted to replace the 
failed cells to guarantee the normal activity of organ-
isms. Enlightened by the nature in the development of 
multi-cellular organisms, the embryo-electronic sys-
tems proposed by D. Mange is a fault-tolerant hard-
ware system with the ability of self-diagnosis and 
self-healing[2]. At present, many researchers around the 
world are applying themselves to the study of it[1-13]. 
The concept of fault-tolerant mechanism is inspired by 
the cell redundancy and “self-healing” mechanism of 
the multi-cellular organisms’ organizational structure. 
Fig.1 shows the diagram of the fault-tolerant mecha-
nism. When a cell has a fault, it is detected by the di-
agnosing unit, the damaged cell is set transparent and 
its neighbor is made to take over its function to prevent 
the system from being influenced[3-5].  
The previous cellular architecture was based on 
multiplexer[4], which is unsuitable for large-scale cir-
cuits due to its requirements for large resource and 
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difficulty in routing. In recent years, look up table 
(LUT) has found broad applications in the architecture 
of phylogenesis, ontogenesis, and epigenesist (POE)[6]. 
However, the problem about low efficiency of resource 
utilization still remains unsettled. Proposed by authors’ 
research group, the improved cellular architecture is 
capable of performing the arithmetic operation or two 
gates with three operational modes to improve the 
flexibility and resource utilization efficiency. The cur-
rent methods cannot meet the requirements for large- 
scale embryo-electronic system[7-8]. This article ad-
vances a new shift-register-based configuration mem-
ory for the embryonic system and its configuration 
control to meet the requirements by the inter-cell com-
munication to reduce the storage capacity of a single 
cell gene.
 
Fig.1  Self-healing of an embryonic system. 
2. Design of Measuring Devices’ Embryo-circuit
Architecture 
Cell layer is the basic structural unit to achieve 
self-diagnosis and self-healing and the molecular cir-
cuit is the lowest level of the circuit. Each cell consists 
of memory configuration, address generator, function 
unit, error detection, controlling module and others. 
Fig. 2 shows the embryo-circuit architecture of the 
self-designed measuring devices. It is a two-dimen- 
sional (2D) measuring and controlling hardware device 
embryonic cell array. Configuration memory stores 
reconfigurable data (that is, e-gene), which determine 
the functions of the logic unit. Addresses of the mem-
ory are produced by an address generator, which as-
signs a coordinate to each cell based on the coordi- 
nates of the latest neighbors on both sides of the cell. 
Each cell’s coordinate corresponding to the genetic 
data is determined when the electronic system starts 
downloading. Fig.3 shows the address generator. Logic 
function unit consists of I/O wiring programmable 
switches and circuit logic functions (that is, molecular 
circuit). The main function of the unit is to perform the 
required cell function, which is determined by the 
memory configuration of reconfigurable data. Fig.4 
shows the designed logical unit. Error detection point 
is responsible for detecting faults in self-diagnosis, and 
monitoring the status of neighbor ones. The role of the 
controlling module is to control molecular redundancy 
switch in the cell, the fault cell’s death, to replace the 
functions of dead cell. Fig.5 shows the designed error 
detection and controlling module circuit.
 
Fig.2  Embryo-circuit architecture of a measuring device. 
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Fig.3  Coordinates of a cell generator circuit. 
 
Fig.4  Logical function unit. 
 
Fig.5  Error detection and control module circuit. 
3. Structure of Shift-register-based Configuration
Memory 
The DNA, i.e., the configuration data, stored in the 
SRAM-based configuration memory defines the func-
tion of the cells. Assuming that every cell contains the 
entire DNA data, this would mean a large system of 
millions of bytes. This is because the size of memory 
and its decoding circuit would be so large as to occupy 
too large a part of the area of the cell and spend too 
long a time for downloading the DNA[7-8]. X. Zhang, et 
al. advanced a partial-DNA method, which has a sim-
plified memory in the cell[7]. The memory, where each 
cell only stores the DNA of its neighbor, is only a seg-
ment of the genome of the entire system, so the circuits 
need for decoder and the memory is much smaller than 
that of the entire gene method and bears no relation to 
the size of the system. Nevertheless, this method is not 
very efficient for continuous fault-tolerance in large 
scale chips where the continuous faults cannot be re-
paired. M. Samie, et al. proposed a cyclic metamorphic 
memory method[8], which eliminates the address de-
coder circuits for gene selection operation and adopts 
the gene selection circuit to realize the self-coping and 
the configuration of the embryonic cell. There is no 
redundant operation. However, those developments are 
all linked to the memory architecture; little attention 
has been paid to the recovering time of the embryonic 
arrays and their reconfiguration ability. What’s more, 
the size of the storage is still too large. 
3.1. Configuration memory of an embryo-system 
It is difficult to bring the idea that every cell should 
store enough data of others’ into effect in a large sys-
tem. This article proposes a new method to solve the 
problem by decreasing the store size of a single cell 
through the inter-cell date communication. The em-
bryonic system, as a whole, consists of m rows and n 
columns. The configuration register in each cell is 
linked to its neighbors (left and right ones), and ones 
in the line’s head and tail are linked to the fore line’s 
tail and the after line’s head respectively. The memory 
architecture of the whole embryonic array is also con-
structed as a chain (see Fig.6), and the last and the first 
cells are connected too. By using the multiplexer, it 
can get the connected points under easy control.  
 
Fig.6  Memory architecture of embryonic array. 
Beneficial from the memory architecture, genes can 
be loaded to the embryonic array either in serial or in 
parallel. In the serial mode, the whole configuration 
memory just resembles a big shift-register chain. The 
data are transferred from the input till the configura-
tion finishes. In the parallel mode, there are several 
parallel accesses and in each of them the configuration 
and other work can be fulfilled the same way as in the 
serial mode. The choice between serial and parallel 
modes depends on the requirements for the rate of 
downloading. In addition to the two modes, the dy-
namic reconfiguration mode and others can be brought 
about also depending upon the requirements. In this 
manner, it is possible to download data for single or 
regional cells. 
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As the whole configuration memory is in the form 
of a connected chain, it is easy to copy the embryo-cell. 
When the failed cell is set to transparent and its func-
tion is taken over by its neighbors, it would be kicked 
out of the chain, which, however, would still be a 
whole by bridging. 
3.2. Circuit of configuration memory 
Fig.7 shows the memory unit of the embryo-cell. 
The configuration memory architecture consists of 
three registers, CR1, CR2 and CREG. The register 
CREG contains the DNA data defining the function of 
the cell. The NIG and SIG are two different directional 
input signals of the configuration of DNA data. The 
SOG and NOG are two different directional output 
signals and the SG1 and SG2 the control switches of 
the I/O gene line. When the cell is not in active (trans-
parent or spare), for example, the configuration mem-
ory might be made out of the chain of the configura-
tion by setting the SG1 and SG2. This would result in 
not only shortened time spent but also improved effi-
ciency of the configuration. There are four multiplex-
ers (SR1, SR2, SR3 and SR4) to control the I/O states 
of the registers CR1 and CR2 signal lines. And the two 
signals of PL1 and PL2 are used to control the data in 
CREG and CR2 is loaded in the parallel mode.  
 
Fig.7  Memory structure based on configuration of shift 
register. 
When the configuration begins, the data will be in-
put into CR1 or CR2 by the initial settings of multi-
plexer. Then, the data will be loaded to the CREG 
from the register CR1 under the control of PL1 and 
PL2. And it facilitates the reconfiguration operation of 
CR1 and CR2 on line without affecting the cell’s work, 
meaning that rapid switching of cell’s work comes into 
effect. The self-repairing also can be realized by this 
way. The data of the register CR2 are loaded in parallel 
mode under the control of the signal of PL2 from the 
CREG, and then transmitted to CR1 of its apt cell. This 
way, the DNA data of the cell are transferred to the 
CR1 of its neighbor. The switch block (SB) inside the 
cell provides the interconnection between cells and the 
communication inside cells. Once a cell is broken, it 
will be quickly repaired by the reconfiguration unit. 
3.3. Configuration design of an embryo-system 
The process of configuration can be divided into 
three steps. 
Firstly, the gene data are transferred from one cell to 
the other by the register CR1 through the data path, 
which has been predetermined by the control switch of 
the embryo-electronic memory. 
In the following step, the gene is transmitted from 
CR1 to CREG inside each cell under the control of the 
same signal PL1. Afterwards, the gene is transferred in 
the parallel mode from CREG to CR2. Due to possible 
delay in the line and the transferring net, the times of 
the PL1 arriving at cells might be different. Therefore, 
it is important that the time of the PL1’s arrival should 
be longer than the biggest delay of the signal to make 
sure the completion of configuration. 
Finally, the gene is transferred in the parallel mode 
from CREG to CR2 under the control of PL2. And 
with the drive of configuration clock, the gene in CR2 
will be transmitted to CR1 of the apt cell. Thus, each 
CR1 is filled with the data coming from its fore 
neighbor. And the gene in CREG represents the func-
tion that the cell has fulfilled. 
Before the configuration of the system, the multi-
plexers from SR1 to SR4 in each cell are set to have 
the signal of 0 beforehand. The data are transmitted 
from SR1 through SR2 to CR1 and CR2 at the same 
time. During configuration, CR1 and CR2 have the 
same data. After all genes have been transferred in the 
proper cell, the genes in each cell are loaded to CREG 
from CR1 under the control of signals PL1 with one 
pulse. So the three registers have the same data. Next 
convey the gene of itself to its neighbors. With the 
SR1-SR4 set to be “0-0-1-0”, the data in CR2 are 
conveyed into the register CR1 of the apt cell. After 
the configuration, CREG stores the gene data, which 
defines its owner’s functionality and the register CR1 
keeps the neighbor’s ones in stock. 
4. Dynamic Reconfiguration of Embryo-system 
There are two situations for the dynamic reconfigu-
ration. One is time-sharing reuse of the hardware re-
source of the system and the other the self-repairing of 
system. The dynamic reconfiguration in the former 
situation is dependent of the requirement and the ex-
ternal control and in the latter is completed by the sys-
tem itself.  
When an error that has occurred is detected, under 
the control of the reconfiguration signals (PL1, PL2), 
every cell behind the damaged one replaces the gene in 
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the CREG with the new ones delivered by the 
neighbor’s CR1 and the function of the cell will un-
dergo a change. Instead of the previous function, the 
reconfigured cell takes on the function of its fore 
neighbor. Meantime, its original function is performed 
by the other neighbor in the same line and so on and so 
forth until a spare cell takes over the function and no 
original function left before reconfiguration and then 
the aft cells are subjected to no change. This operation 
serves to eliminate the failed cells by the spare ones. 
For the next time of the self-repair, the data from 
CREG will be transferred to the next cell through CR2. 
The time-sharing reuse of the embryonic array can 
reduce the costs of hardware, but it needs to renew the 
data and adopt other way of control to download the 
data of the configuration. When the system is running, 
the selection of the configuration memory chain can be 
decided by setting the switch of the channel for the 
DNA transfer. Then load the data to CR1 of the cell in 
need of reconfiguration. In this process, the data in 
CREG of all the cells would not undergo any change. 
This means the system keeps working normally. Under 
the control of PL1, the gene conveys into CREG im-
mediately after the data have been loaded. Thus the 
fast partial dynamic reconfiguration of the system is 
finished. 
5. Compare of Memory Resources  
For shift-register-based configuration memory ar-
chitecture, only three groups of registers are needed in 
each embryonic cell. And registers in each group fulfill 
the functions of the cell. Assuming that there are 
needed 25 bits of DNA segment for a single cell, an 
embryo cell needs 75 bits registers. The need for 
memory in each embryo-cell is the same no matter 
what the chip scale is. By enhancing the inter-cell gene 
communication, the self-repairing and reconfiguration 
is easy to realize. 
For a classic SRAM-based configuration memory 
architecture, each bit of memory consists of 6 MOS 
transistors and for n units of SRAM, an address de-
coder consists of (2n+í2) MOS transistors. A classic 
register consists of 24 MOS transistors, so can be cal-
culated the occupied areas in embryo-systems of dif-
ferent scales. Table 1 shows that the shift-register- 
based memory architecture can save 90% of memory 
area compared to SRAM-based memory architecture 
in over 128×128 embryo-systems. The increase in the 
size of the system would lead to the augment of the 
proportion saved. This evidences its superiority to the 
method of Partial-DNA[7] that can save 80% memory 
area. 
Table 1 Configuration memory area rates comparison 
Scare of embryonic systems 8×8 128×128 1 024×1 024 
MOS transistor needed in shift-register based on configuration memory 
architecture 115 200 29 491 200 1 887 436 800 
MOS transistor needed in SRAM based on configuration memory 
architecture 77 696 322 928 640 163 206 660 096 
Reduction rate of shift-register based on configuration memory com-
pared to SRAM based on configuration memory í48.3% 90.1% 98.8% 
 
6. Simulation Results 
In order to demonstrate the performance of the de-
signed embryo-system and its electrocircuit, a 2-bit 
binary counter designed with conventional methods is 
selected to be a test sample. The system for simulation 
is composed of the Spartan-3 FPGA XC3S1000 of 
Xinlinx, Synplify pro8.1 and the integrated develop-
ment tools of intelligent synthesis environment (ISE). 
The simulation includes the DNA data on the alloca-
tion of memory for data downloading, inter-cell data 
transferring as well as on-line data downloading. The 
simulation of the dynamic reconfiguration is based on 
that of the embryo-system mode to demonstrate the 
self-diagnosing and reconfiguration of shift-register- 
based configuration memory of embryo-system. 
The methods for realizing the reconfiguration and 
the loading of the gene are identical. When the system 
is running, the configuration data come from the 
CREG. When the reconfiguration starts, the data would 
be firstly loaded to CR1, and then the cells which need 
to be reconfigured are chosen, the reconfiguration sig-
nal is send out, and the data are conveyed into CREG 
at the same time. This would induce some functions of 
the cell to change quickly. All the circuits and methods 
in the shift-register-based configuration memory of 
embryo-system are the same as SRAM-based ones. 
Fig.8 demonstrates the simulation results of the self- 
repairing and runtime reconfiguration processes using 
the memory architecture. 
At the beginning of simulation, all gene data are de-
livered into CR1 in cells in a serial manner from the 
first cell cell_00. Then the registers CR1 in each cell 
are filled with its own gene data. After that, under the 
control of PL1, the gene data are sent into CREG in 
each cell and the system starts working. The genes in 
CREG keep on transferring into CR2. At last, the 
genes from CR2 are transmitted to CR1 of its right- 
hand neighbor for self-repairing. At the 7 010 ns time, 
a fault is inserted to cell_00 as shown in Fig.8. The 
CREG is updatad to eliminate the failed cell. And af-
terwards, every cell’s gene in CREG register stores the 
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genes from its left-hand neighbor in CR1. Thus the 
cell_11, cell_12 and cell_13 will take the place of 
cell_10, cell_12 and cell_13. After the reconfiguration 
has been finished, every cell conveys its genes to its 
right-hand cell and its CR1 stores the data from its 
left-hand cell’s to prepare for the next self-repairing. 
At the 7 600 ns simulation time, data transfer finishes. 
The simulation results evince that the proposed 
method satisfies all the requirements demanded by the 
dynamic reconfiguration and fault-tolerant for instance. 
And it takes quite a short time (in one pulse). As the 
method has eased the requirements for the hardware, it 
is easier to construct a large system.
 
Fig.8  Simulation of configuration of embryo-cells. 
7. Conclusions 
With the ability of self-diagnosing and self-healing, 
the embryo-system is a bionic hardware design based 
on the structure of Multi-cellular organisms associated 
with self-diagnosing and self-healing mechanism. As 
the current configuration based on the SRAM-memory 
cannot meet the requirements for large-scale embryo- 
electronic system, the proposed design consists of 
memory configuration, address generator, function unit, 
error detection, control module and otherwise. This 
article advances a new shift-register-based configura-
tion memory of embryo-system to fill the requirements 
demanded by the inter-cell communication to reduce 
the gene storage capacity of a single cell. The simula-
tion of FPGA evidences the feasibility of the proposed 
design. With the same fault- tolerance and reconfigu-
ration, the shift-register-based configuration memory 
architecture can save 90% of the memory area com-
pared to SRAM-based one in over 128×128 em-
bryo-systems for simulation. Finally, the method 
proves of great use in large systems. 
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